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83
C. difficile produces two main toxins, toxin A and toxin B (TcdA and TcdB), and some 84 strains produce a binary toxin (CDT), all of which contribute to bacterial pathogenicity. 85
Toxins A and B are known to disrupt the intestinal epithelial barrier function through 86 activation of the MAPK pathway leading to a cytokine response (7, 8) . The key role for 87 toxins during infection has been demonstrated in mouse models using toxin mutants (7, 88 9) . However, C. difficile colonization of the intestinal mucosa is a key factor in CDI, and 89 several bacterial factors such as surface layer proteins (10, 11), adhesins (12-14) , cell 90 wall proteins (15) and flagella are thought to play a role in this process (16, 17) . 91
Moreover, C. difficile is also known to produce spores that are resistant to antibiotics 92 and disinfectants (18, 19) . These spores may serve as reservoir for recurrence of 93 infection in the host. 94 95 Although animal models of CDI have been used to understand C. difficile pathogenesis, 96 molecular mechanisms of bacterial interactions with the human gut mucosa are best 97 studied using in vitro human colon derived cell cultures. In vitro models enable 98 molecular and cellular studies on both the host and the pathogen, easier testing of 99 multiple conditions and visualization of infection dynamics. Infection of human intestinal 100 epithelial cell (IEC) lines has been used to study C. difficile pathogenesis but these 101 models have been limited to short time periods as C. difficile requires an anaerobic 102 environment for optimal growth (20) (21) (22) . A dual environment system such as a vertical 103 diffusion chamber (VDC), which permits growth of the bacteria and IECs in appropriate 104 gaseous environments was used previously by Schüller and Phillips to demonstrate 105 increased adherence of enterohaemorrhagic Escherichia coli (EHEC) to polarized IECs 106 in microaerobic conditions, with enhanced expression and translocation of EHEC type 107 III secreted effector proteins (23) . Similarly, an increase in Campylobacter jejuni 108 invasion of IECs was observed under a microaerobic environment in the VDC (24) . 109
Recently, a VDC was employed to culture C. difficile with T84 cells where an anaerobic 110 environment was shown to enhance C. difficile-induced cytokine production, although 111 this was only studied over a short time course (25) . 112 113 Models that replicate the physiology and local tissue environment found in vivo are ideal 114 for investigating host-pathogen interactions in IECs. Three-dimensional (3-D) gut 115 cellular models are more suited for epithelial cell growth and differentiation through 116 secretion of proteins such as growth factors by the underlying cells, and supporting 117 scaffolds can be designed to meet the cell type-specific needs (26, 27) . Scaffolds 118 generated from natural or synthetic polymers such as matrigel, collagen and 119 polyethylene terephthalate (PET) have been used to generate the matrix (27, 28) . More 120 recently, electrospinning has been employed to fabricate fibers from polymers creating 121 a structure similar to the natural fibrous network of the extracellular matrix (ECM) (26, 122 27) . Electrospinning was used to create nanofiber and microfiber scaffolds for optimal 3-123 D in vitro culture of airway epithelial and fibroblast cells (26) . Fibroblast cells play an 124 active role in producing ECM, and producing chemokines in response to bacterial 125 infection (29) . 126 127 time frame using novel human gut epithelium models. We demonstrate that C. difficile 138 adheres and forms communities over 24h, while it produces spores, toxins and bacterial 139 filamentous forms, accompanied by chemokine production over 48h in a monolayer 140 VDC model. Furthermore, we demonstrate that this system can be used to study 141 interactions of obligate anaerobes such as the gut commensal, Bacteroides dorei, with 142
IECs. Interestingly, we demonstrate that B. dorei inhibits C. difficile replication on gut 143 epithelial cells. Notably, in a complex 3-D model that we developed which contains 144 myofibroblasts on electrospun nanofiber scaffolds, we observed increased bacterial 145 adhesion to IECs and an enhanced host cell response, compared to the monolayer 146 model. 147
Development of a gut cellular model for C. difficile 152 A polarized cell layer comprising IECs (epithelial Caco-2 and mucus producing HT29-153 MTX goblet cells) was cultured on the apical side of a Snapwell insert as shown in Fig.  154 1. Inserts with polarized cell layers were placed in the VDC and experiments were 155 performed by perfusing a mixture of 5% CO 2 and 95% air in the basolateral 156 compartment for epithelial cell growth and an anaerobic gas mixture (10% CO 2 , 80% N 2 157 and 10% H 2 ) on the apical side for bacterial growth. The barrier integrity of IECs was 158 monitored by measuring the transepithelial electrical resistance (TEER). The TEER 159 values demonstrated an intact epithelium in the control IECs incubated within the VDC, 160 although a slight decline was observed over 24h ( Fig. 2A ). However, no significant 161 disruption to the IECs was seen after 24h or 48h by microscopy; actin staining showed 162 that the cytoskeleton of the control cells was intact at 24h and 48h ( Fig. 2B) . 163
Immunofluorescent staining of the Snapwell inserts for MUC2, a major mucus protein 164 produced by goblet cells, showed that a small amount of mucus was produced (Fig. 165 S1) . 166 167 Furthermore, growth of C. difficile in the apical compartment of the VDC for 3h was 168 compared to growth in the anaerobic cabinet. No significant differences were observed 169 indicating that the VDC maintained anaerobic conditions in the apical chamber (Fig. 170 S2) . 171
172

C. difficile colonization leads to disruption of the intestinal epithelium 173
To determine how C. difficile interacts with the human host in the short and long term, 174
Caco-2/HT29-MTX layers were infected with C. difficile R20291 at an MOI of 100:1 for 175 different periods of time in the anaerobic chamber of the VDC (Fig. 1 ). In order to study 176 bacteria that adhere to the IECs and their replication, for all experiments, at 3h p.i., the 177 apical supernatant containing the C. difficile was removed, the IECs washed in PBS, 178 fresh pre-reduced media added, followed by incubation for the required time. The 179 number of adherent C. difficile was determined by counting colony forming units (CFUs) 180 from the cell lysates, after washing off non-adherent bacteria. A significant increase in 181 the number of cell-associated C. difficile was observed from 3h to 24h p.i. (Fig. 2C) . 182
This increase in cell-associated bacteria corresponded to a decrease in TEER 183 measurements indicating disruption of the intestinal epithelial barrier ( Fig. 2A ). Confocal 184 microscopy showed C. difficile present as small micro-communities on the IECs. At 185 early time points (3h and 6h p.i.), there was little disruption of the actin filaments but at 186 24h and 48h p.i., destruction of the cytoskeleton was evident ( Fig. 2D ). Interestingly, at 187 48h p.i., immunofluorescent staining showed the presence of filamenting C. difficile (Fig. 188 2D) . 189
190
Prolonged infection is associated with spore and toxin production, and host 191 responses 192
In order to fully understand bacterial factors necessary for CDI persistence, we 193 performed an extended infection for up to 48h in the 2-D monolayer epithelial model. 194
Spores, a major bacterial mechanism of persistence, were detected in the cell-195 associated fraction and in the apical supernatants at 24h and 48h p.i. (Fig. 3A) . points, increased production was seen at 24h and 48h p.i. as determined by ELISA ( Fig. 3B ). Analysis of the basolateral supernatant for the host chemokine IL-8, which has 200 been previously implicated in C. difficile infection (35), revealed that IL-8 levels were low 201 at 6h p.i. but increased at 24h and 48h p.i. in the monolayer epithelial model (Fig. 3C) . 202
203
Major C. difficile toxins are not solely responsible for disruption of the epithelial 204 barrier 205
As the toxins are considered to be the major virulence factors in CDI, we sought to 206 determine their effects on the epithelial cells. To do this, we utilized a triple toxin mutant 207 (∆ABCDTa) strain, which is unable to produce toxins A, B and the binary toxin (subunit 208
CdtA) (36) to perform adhesion assays on the gut epithelium. The absence of all three 209 toxins did not affect the adhesion of C. difficile to the IECs (Fig. 4A ). As C. difficile toxins 210 are known to cause disruption to the tight junctions of the epithelium, leading to a more 211 permeable epithelial barrier, we measured the TEER to determine the effects of the 212 triple toxin mutant on the IECs. At 6h p.i., there was less disruption compared to the wild 213 type (WT) but at 24h p.i., there was no significant difference between the WT and the 214 triple mutant (Fig. 4B ). Immunofluorescent staining indicated less redistribution of the 215 actin cytoskeleton at 24h p.i. compared to the WT strain ( Fig. 4C) . To determine if our VDC-based cellular system could be extended for use with other 221 anaerobic bacteria, we studied a strict commensal anaerobe, B. dorei within the 222 monolayer epithelial model using similar conditions as for C. difficile. Adherence to the IECs was determined at 3h and 24h by CFU counts, as described for C. difficile. B. 224 dorei adhered to the epithelial cells and multiplied over 24h, as observed for C. difficile 225 ( Fig. 5A, B) . B. dorei and C. difficile were then grown as mixed cultures in the VDC. 226
Cell-associated bacteria were quantitated by plating on a medium used to selectively 227 isolate C. difficile colonies, which also allowed the growth of B. dorei. Bacteroides 228 colonies were distinguished by colony size, color and morphology (small colonies). A 229 significant decrease in the number of C. difficile was observed when co-cultured with B. 230 dorei in the presence of IECs at 24h p.i. but not at 3h p.i. (Fig. 5A , B, p < 0.001). We 231 also observed higher colony counts when B. dorei was grown in co-culture with C. 232 difficile at 3h and 24h, compared to mono-cultures of B. dorei (Fig. 5A, B) . 233
234
Increased cell-associated bacteria in multilayer and 3-D models containing 235
fibroblast cells 236
As the monolayer 2-D models do not optimally represent the human gut epithelium, we 237 developed this system further by increasing its cell complexity. Typically, a 238 myofibroblast layer underlies the basement membrane in the human gut. To incorporate 239 myofibroblasts into our model, human CCD-18co myofibroblasts were first grown on the 240 basolateral side of the polyester Snapwell insert before seeding the IECs on the apical 241 side (multilayer model, Fig. 6A ). Furthermore, to recreate the highly porous architecture 242 of the ECM in the basement membrane, epithelial and fibroblasts cells were grown 243 apically and basolaterally respectively on inserts containing electrospun nanofiber 244 scaffolds generated from polyethylene terephthalate to develop a 3-D gut epithelium as 245 reported previously (26). Scanning electron microscopy revealed that these scaffolds 246 exhibited a uniform nanofibrous matrix ( Fig. 6B ) that supported the attachment and 247 proliferation of Caco-2 cells to form a confluent monolayer ( Fig. 6C ) and enabled the 248 proliferation of the CCD-18co cells ( Fig. 6D) . 249 250 Interestingly, in the multilayer model, we find that after infection for 3h and 24h, higher 251 numbers of bacteria adhered to the IECs at both time points compared to the monolayer 252 model without fibroblasts (Fig. 7A ). Anti-fibronectin staining of the basolateral side of the 253 membrane containing the fibroblast cells indicated likely degradation of fibronectin and 254 damage to the fibroblast layer at 24h p.i. (Fig. 7B ). As before, immunofluorescent 255 staining showed the localisation of C. difficile on the epithelial cells at 3h and 24h p.i. 256 ( Fig. 7C) . 257
258
Similar to the multilayer model, we observed increased adhesion of C. difficile to the 259 IECs at 3h and 24h p.i. in the 3-D gut epithelium ( Fig. 7D) . Similarly, anti-fibronectin 260 staining showed the impaired fibroblast layer in the 3-D model (Fig. 7E ). Confocal 261 microscopy revealed the presence of numerous C. difficile colonies on the IECs at 24h 262 p.i. (Fig. 7F ). Interestingly, at 24h p.i., immunofluorescent staining showed the presence 263 of filamenting C. difficile (Fig. 7F ), much earlier than seen in the monolayer infection 264 model. 265
266
A stronger chemokine response to C. difficile in the presence of fibroblasts 267
In both the multilayer and the 3-D models of infection, spores were found to adhere to 268 the epithelium and were present in higher numbers in the apical supernatant, at levels 269 comparable to the 2-D monolayer model (Fig 8A, B) . Although there was higher variability, levels of toxin A in the apical supernatants from both models were slightly 271 lower and showed distinct toxin production profiles compared with the 2-D models. 272 Furthermore, we measured levels of toxin B in the 3-D model and were even lower than 273 that observed for toxin A ( Figure 8C ). Notably, higher levels of IL-8 were stimulated by 274 C. difficile infection from the 3-D model ( Figure 8D ), suggesting a potential role for the 275 myofibroblasts in modulating the C. difficile response. 276
277
DISCUSSION 278
Attachment to the intestinal mucosa and subsequent multiplication and penetration of 279 the gut epithelium by a pathogen is generally essential for the establishment of a 280 successful infection. We report here the development of in vitro human gut models for 281 studying interactions of obligate anaerobes with the host gut epithelium. For the first 282 time, we have modeled prolonged C. difficile infection in an in vitro human gut mimic. 283
Along with demonstrating C. difficile micro-communities, we report formation of C. 284 difficile filaments, a potential adaptation mechanism during infection. 285
286
Previous in vitro infection models have shown the attachment of C. difficile on IECs 287 either using conditions that are not appropriate for the bacterium (such as growing in 288 aerobic conditions) or that are limited to short term infection due to the anaerobic growth 289 requirements of C. difficile (21, 25, 37) . However, in order to study host-pathogen 290 interactions at a molecular and cellular level, precise environmental control and longer 291 scales of infection are essential. The monolayer gut epithelial model described here is 292 ideal for investigating molecular mechanisms underlying C. difficile-epithelial 293 interactions as it offers the ability to make cellular, immunological and molecular 294 measurements along with easy substitution of knockout cell lines and introduction of 295 additional cellular components like immune cells. 296 297 Filamentation, a process where bacterial cells continue to elongate without division, is 298 caused in response to environmental or host stress as a way of adaptation and survival 299 (38). For example, uropathogenic E. coli in bladder epithelial cells subvert innate 300 immune responses by forming filaments, which evade being phagocytosed by 301 neutrophils (39). Our findings indicate that C. difficile filamentation may serve as a 302 mechanism of persistence in the human host. Filamentation may be associated with 303 host cell contact and infection, as preliminary studies indicate that incubation in similar 304 conditions in the absence of cells does not appear to induce this phenotype. Previous 305 studies demonstrated that Burkholderia pseudomallei forms filaments when exposed to 306 B-lactam antibiotics to evade killing by the antibiotics (40). Similarly, in E. coli, an SOS 307 response occurs when exposed to b-lactams or fluoroquinolones leading to the 308 formation of multinucleated filaments (41). It may be that in vivo, C. difficile form 309 filaments to avoid being killed by antibiotics but more studies are needed to confirm this 310 and the mechanisms underlying C. difficile filament formation. 311 312 Production of spores was observed at 24h and 48h p.i. indicating that spore formation is 313 a key feature of C. difficile infection of the gut epithelium, as reported previously using 314 mouse models (42). Previous work showed that C. difficile spores adhere to 315 undifferentiated Caco-2 cells after 1h of infection as determined by viable spore counts 316 and fluorescence microscopy (37). Interestingly, we detected similar numbers of spores 317 in the cell-associated bacterial fraction and in the apical supernatants in both the 318 epithelial monolayer and the multilayer/3-D models, suggesting that a high number of 319 the spores formed adhere to the epithelium. This may further indicate that adhesion of 320 spores to the gut mucosa is an inherent feature of C. difficile infection. 321
322
Toxin production by C. difficile is known to play a role in pathogenesis by disrupting the 323 barrier integrity of the intestinal epithelium leading to increased permeability and re-324 organization of actin (8). Previous work showed that there was no significant difference 325 in adherence of C. difficile (strains R20291 and 630) and their respective toxin mutants 326 (tcdA and tcdB) to the IECs (25). Our data indicate that a strain lacking the major toxins 327
A, B and the binary toxin also does not differ in cell adhesion. Strikingly, the absence of 328 all toxins did not abrogate the increased permeability of the epithelium seen during 329 infection. While there appeared to be a slower decrease in permeability for the triple 330 Minimum Essential Medium media. Both media were supplemented with 10% FBS, 1% 404 penicillin-streptomycin, 2 mM glutamine and 1% non-essential amino acids (Sigma-405 Aldrich, UK). All cell lines were maintained in 5% CO 2 in a humidified incubator at 37°C. 406
407
For the epithelial 2-D models, Caco-2 and HT29-MTX were mixed in a 9:1 ratio and 2 x 408 10 5 cells/mL were seeded on a 12 mm Snapwell inserts (tissue culture treated polyester 409 membrane, Corning, New York, USA) supported by a detachable ring for 2 weeks to 410 form a polarized monolayer. For the multilayer and 3-D models, CCD-18co (1 X10 4 411 cells/ml) were first seeded on the basolateral layer of the polyester Snapwell insert or 412 electrospun nanofiber scaffold for 5 days after which Caco-2 and HT29-MTX were 413 seeded on the apical side as in the 2-D models for 14 days. Prior to the infection 414 experiments, the cell culture medium in the Snapwell inserts was replaced with 415 antibiotic-free medium. 
Infection of intestinal epithelial cells (IECs) 427
A single bacterial colony was inoculated in pre-reduced BHI broth (Oxoid) 428 supplemented with 1 g/L cysteine (Sigma-Aldrich, UK) and 5 g/L yeast extract and 429 incubated at 37 o C overnight. The culture was centrifuged at 10,000g for 5 mins 430 (Eppendorf 5810R) and bacterial pellet was resuspended in DMEM supplemented with 431 10% FBS and incubated at 37 o C for at least an hour. This culture was used to infect the 432 IECs at a predetermined MOI of 100:1 in the apical side of the VDC containing the 433 IECs. The apical chamber was diffused with anaerobic gas mixture (10% CO 2 , 10% H 2 , 434 80% N 2 , BOC, UK) and the basolateral compartment with 5% CO 2 and 95% air (BOC, 435 UK). At 3h p.i., the apical media containing the C. difficile was removed, the IECs 436 washed in PBS and prereduced DMEM with 10% FBS added. It was incubated for a 437 further 3h or up to 24h. The apical and basolateral media was then removed and stored 438 at -80 o C. The IECs were washed thrice in PBS before lysing in sterile water. Serial 439 dilutions were performed and plated on appropriate plates to determine the number of 440 cell-associated bacteria. To determine spore production, the lysed cells and apical 441 supernatants were heat treated at 65 o C for 20 mins, serial dilututed and plated on BHI 442 agar supplemented with 0.1% sodium taurocholate (Sigma-Aldrich, UK). 443
444
For the co-culture experiments with B. dorei, the same protocol was followed except 445 that both strains were grown in Schaedler anaerobic broth (Oxoid, UK) overnight and an 446 MOI of 1000: 1 was used. To differentiate C. difficile colonies from B. dorei, the BHIS 447 agar was supplemented with C. difficile selective supplement (Oxoid, UK). 448
449
ELISA assays 450 C. difficile toxin production was determined by ELISA following the manufacturer's 451 instructions (tgcBIOMICS, Bingen am Rhein, Germany). IL-8 production was also 452 determined by analysis of basolateral supertants from VDC's using a human IL-8 ELISA 453 kit (R&D systems, Minneapolis, USA). 454 455
Electrospinning protocol 456
Electrospinning procedure was performed as described previously (26). Briefly, 457 scaffolds were produced by dissolving polyethylene terephthalate (PET, from food 458 grade drinking bottles) in equal ratio of trifluoroacetic acid and dichloromethane (1:1) to 459 create a 10% (w/v) PET solution to produce the nanofiber scaffolds. Electrospinning 460 processing parameters included an applied voltage of 14kV, a tip-collector distance 461 (TCD) of 15cm, a flow rate of 0.5 mL/h and an 18 gauge spinneret for a period of 2h. 462
Electrospinning was conducted at ambient conditions in a ducted fume hood with fibers 463 collected on a stainless steel rotating drum (50 rpm). Once collected, the scaffolds were 464 stored in aluminum foil at room temperature until required. Prior to cell culture, 465 scaffolds were positioned in 12 mm Snapwell inserts (Corning, New York, USA) by 466
replacing the commercial membrane with the electrospun nanofiber matrix. PET 467 scaffolds were cut into 2.5 cm diameter circles and fixed with Costar Snapwell 468 469 inserts using aquarium sealant glue (King British, Beaphar Company). They were 470 sterilized by exposing to UV at the power of 80 mJ/cm2 for 15 minutes on each side 471 using a UV lamp (CL-1000 Ultraviolet Crosslinker) and soaking in 10x antibiotic-472 antimycotic solution (final concentration: 1,000 units/mL penicillin, 1 mg/mL 473 streptomycin and 2.5 µg/mL amphotericin B, Sigma Aldrich, Poole, UK) for 3h at 25 °C. The Snapwell inserts, containing either the commercial membrane or PET nanofiber 495 scaffold, were fixed in 4% PFA for 15 min, washed in PBS, permeabilized with 1% 496 saponin (Sigma-Aldrich, UK) in 0.3% triton X-100 (Fisher Scientific, UK) and thereafter 497 blocked against non-specific antibody binding with 3% BSA in PBS (Sigma-Aldrich, UK). 498
For staining C. difficile, infected cells were incubated with anti-C. difficile serum for 1h, 499 followed by Alexa Fluor 488 goat anti-rabbit secondary antibody (New England Biolabs, 500 UK) for 1h. Alexa fluor phalloidin 647 was used to stain the actin cytoskeleton and cell 501 nuclei were stained with ProLong Gold Antifade mountant containing 4,6-diamidino-2-502 phenylindole (DAPI) (New England Biolabs, UK). To determine mucus production, the 503 Snapwell inserts were fixed, permeabilized and blocked as described above. The 504
Snapwell insert was incubated with mucin 2 anti-rabbit primary antibody (Santa Cruz 505 Biotechnology, US) overnight at 4 o C followed by Alexa Fluor 488 goat anti-rabbit 506 secondary antibody (New England Biolabs, UK) for 1h. Images were taken using a 507 confocal spinning-disk microscope (VOX UltraView, PerkinElmer, UK) with a 40X oil 508 objective and two Hamamatsu ORCA-R2 cameras, by Volocity 6.0 (PerkinElmer, UK). 509
Post-image analysis was performed with ImageJ software. 510 511
Statistical analysis 512
Student t test (two tailed) was used to determine the significance between two groups. 513
Significance is represented as *p < 0.05, **p < 0.01, ***p < 0.001 and ****p< 0.0001. 514
Except stated otherwise, all the results presented are the average of 3 independent 515 experiments performed in duplicates or triplicates. Immunity 70:5770-5778. 565 difficile was added to the apical chamber which is perfused with an anaerobic gas mix 694 and incubated for different times while maintaining anaerobic conditions. The 695 basolateral compartment was perfused with a mixture of 5% CO 2 and 95% air, 696 necessary for growth of IECs. were first seeded on the basolateral side of the Snapwell or nanofiber scaffold for the 740 multilayer and 3-D models for 5 days. Thereafter, IECs were cultured on the apical side 741 for 2 weeks before placing the Snapwell filter between two halves of the chamber. C. 742 difficile was infected apically while maintaining anaerobic conditions and the basolateral 743 compartment was perfused with 5% CO 2 and 95% air. weeks before inserting in the VDCs. C. difficile was added to the apical chamber which is perfused with an anaerobic gas mix and incubated for different times while maintaining anaerobic conditions. The basolateral compartment was perfused with a mixture of 5% CO 2 and 95% air, necessary for growth of IECs. Fibroblast cells were first seeded on the basolateral side of the Snapwell or nanofiber scaffold for the multilayer and 3-D models for 5 days. Thereafter, IECs were cultured on the apical side for 2 weeks before placing the Snapwell filter between two halves of the chamber. C. difficile was infected apically while maintaining anaerobic conditions and the basolateral compartment was perfused with 5% CO 2 and 95% air. (B) Polyethylene terephthalate (PET; 10% w/v) was electrospun and exhibited a uniform nanofibrous matrix as determined by scanning electron microscopy. (C) Caco-2 epithelial cells were able to form a confluent monolayer on the nanofibrous scaffolds (the scaffold can be seen underneath the cells following processing for SEM). (D) The CCD-18co cells proliferated across the nanofibrous scaffold forming cell processes to adhere to the nanofibers. 
Figure legends
